ABSTRACT Cell extracts from Micrococcus luteus release both free 3-methyladenine and free 7-methylguanine from alkylated DNA. The glycosylase activity responsible for the liberation of 7-methylguanine is not 3-methyladenine-DNA glycosylase, which, when purified, does not liberate it. Furthermore, the heat inactivation rates of the two enzymatic activities are different. The release of 7-methylguanine by chemical depurination of ethanol-soluble oligonucleotides has been ruled out. A similar activity releasing 7-methylguanine is also found in Escherichia coli Among chemical carcinogens, alkylating agents cause a variety of damage to DNA. The main products are N-7 alkylguanines and N-3 alkyladenines (for review, see refs. 1, 2). It has also been shown (3) that all the base oxygens can be alkylated.
MATERIALS AND METHODS
Preparation of DNA Containing m3A and m7G.
[3H]Methylated DNA was prepared, as described (5), by treating calf thymus DNA (Choay, Paris) (4 mg in 2 ml of 0.1 M NaClO4/0.05 M Na cacodylate, pH 7.5) with 5 mCi of [methyl-3H]dimethylsulfate (1 Ci = 3.7 X 1010 becquerels; Amersham) for 1 hr at room temperature. The alkylated DNA was purified by three cycles of precipitating it with ethanol and then redissolving it, and then it was dialyzed three times against standard saline citrate for 16 hr and finally against 0.1 M saline citrate. It was kept at -20°C. The specific activity of the labeled methylated DNA was 1.0-2.0 X 106 cpm/,umol. For analysis of the alkylated bases, the methylated DNA was made 0.1 M in HC1, and the purine bases were released by hydrolysis at 37°C for 20 hr.
Growth of Cells. M. luteus (ATCC 4698) from the American Type Culture Collection was grown at 32°C in Neopeptone (10 g/liter) yeast extract (4 g/liter) NaCI (8.5 g/liter) adjusted to pH 7.5 with concentrated NaOH. The medium was boiled, filtered, and then autoclaved for 30 min at 120TC. The cells were grown in a rotary shaker, to an OD",mnm of 2.5. They were centrifuged, resuspended in 50 mM Tris HCI/2 mM EDTA/10% glycerol, pH 7.5, and frozen in liquid nitrogen as described by Wickner et al. (14) . The cells were kept at -20TC.
E. coli strain N4133 (obtained from J. M. Saucier) was grown as described by Modrich et al. (15) to late exponential phase.
Cell Extract. The cells were extracted according to a procedure based on the method of Wickner et al. (14) . Frozen M. luteus or E. coli cells (4 ml) were placed in an ice bath for 30 min, thawed at room temperature, and immediately placed at 0C. Lysozyme (0. 2 ml of 4 mg/ml solution in 0.25 M Tris HCl, pH 7.5) and 16 A.l of aprotinin at 1 mg/ml (Choay, Paris) were added. After 20 min, the cells were warmed and kept at 370C until they began to lyse (usually <4 min). At this time, phenylmethanesulfonyl fluoride and p-toluenesulfonyl fluoride (Sigma) to a final concentration of 1 mM and NaCl to a final concentration of 100 mM were added, and the lysis was completed at 0C. The lysate was centrifuged for 30 min at 50,000
x g. The supernatant thus obtained was the crude extract.
Ammonium Sulfate Precipitation. The crude extract was chromatographed on a 0.9 X 4 cm DEAE-cellulose column (DE52Whatman) previously equilibratedwith 50mM Tris-HCI/ 100 mM NaCVl1 mM EDTA/2 mM dithiothreitol, pH 7.5 10 ,ug of m3A were added. After 2 min at 0MC, 300 ,ul of precooled (-20°C) ethanol was added. After an additional 5 min at 0MC, the precipitate was removed by centrifugation at 6500 X g at 0°C for 10 min. The total radioactivity and the relative amounts of each alkylated base in the supernatant were determined by evaporating it to dryness under a stream of niAbbreviation: rom7G, ring-opened 7-methylguanine (2,6-diamino-4-hydroxy-5-N-methylformamidopyrimidine).
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Bio-Gel P-2 column chromatography was routinely used to analyze the products of the reaction. It was performed according to the method of Khym (17) , with the following modification. A 0.7 X 60 cm Bio-Gel P-2 (200-400 mesh, Bio-Rad) column was equilibrated with 20 mM potassium tetraborate adjusted to pH 10.55. The solution containing the product of the enzymatic reaction was loaded on the column and eluted isocratically with the equilibrating buffer at room temperature (0.2 ml/min, 1-ml fractions). The absorbance of the eluting solution was recorded continuously at 254 nm by using an LKB unit, and the radioactivity of the fractions was determined.
Under these conditions, AMP cochromatographed with oligonucleotides, but m7G and m3A were well separated. rom7G eluted just before m7G, with a poor resolution. Recovery of the radioactivity was better than 95%.
Paper chromatography was performed as described by Chetsanga and Lindahl (16) Of the total radioactivity, 28% was in oligonucleotides, 26% was in m3G, and 46% was in m3A (Fig. 1 ). When the cell extract was heated at 100°C before the incubation, there was no significant depurination of the methylated DNA (see Fig.  1B ).
When the crude extract was purified as described, the fraction extracted by 2.5 M (NH4)2 S04 accounted for 16% of the total DNA-glycosylases present in the crude extract. As shown in Fig. iC , this fraction liberated radioactive products. Only 10% were oligonucleotides, but 44% was m7G, and 46% was m3A, suggesting an enrichment in m7G-DNA glycosylase. Thus far, it has not been possible to further purify the latter glycolase, because of its great lability.
When the methylated DNA was incubated with purified M. luteus m3A-DNA glycolylase as reported (5), 95% of the radioactivity released was in m3A (see Fig. 1D ) and less than 5% was in m7G (the data have not been corrected for the small amount of spontaneous depurination).
Further possibility was not ruled out (13) that, in vivo, the 7-methyldeoxyguanosine residue is transformed to the open imidazole ring, which, in turn, is excised. If this is the mechanism, rom7G should be released from methylated DNA under our experimental conditions. Therefore, we further characterized the ethanol-soluble material by using different chromatographic systems. When an authentic sample of rom7G was chromatographed on Biogel P-2 under our standard conditions, its peak was not well separated from that of m7G. After thin-layer chromatography, performed as described above, the oligonucleotides remained at the origin, and rom7G, m7G, and m3A were well resolved (Fig. 2) . When the ethanol-soluble material was subjected to thin-layer chromatography, the radioactivity remained associated with oligonucleotides, m7G, and m3A in proportions comparable with those shown in Fig. 1 . However, the possible presence of a small amount of rom7G could not be excluded. Similar results were obtained after paper chromatography (16) (data not shown).
Release of m7G Is Not Due to a Secondary Depurination of Oligonucleotides. The observed release of m3A by M. luteus extracts can be attributed to presence of m3A glycosylase, which has been purified from these extracts (5). However, the m7G could be an artifact due to spontaneous depurination, known to be faster for mono-and oligonucleotides than for DNA. In the experiments described above, the relatively large oligonucleotides fraction could be the source of the m7G and part of the m3A. To rule out this possibility, ethanol-soluble oligonu- and m3A-DNA glycosylase (v) . A crude cell extract was heated at 43.50C. At different times, aliquots were removed, chilled to 000, and the enzyme activities were determined at 3700. Relative amounts of m7G and m3A were determined by chromatography on Bio-Gel P-2.
cleotides were obtained by using a nonspecific endonuclease, pancreatic DNase, and the appearance of the alkylated bases was checked by chromatography on Bio-Gel P-2 (Fig. 3) . When 26% of the total radioactivity was released as ethanol-soluble material, 2.5% of the ethanol-soluble material was recovered Fraction FIG. 5. Chromatography on Bio-Gel P-2 of ethanol-soluble products released from labeled methylated DNA by crude cell extracts of E. coli. Conditions were the same as for M. luteus (see Fig. 1 ). Peaks at fractions 12, 19, and 37 are oligonucleotides, m7G, and m3A, respectively.
Ut.plIx Biochemistry: Laval et aL as m3A and a barely detectable shoulder was observed at the position for m7G. This experiment rules out the possibility that the appearance of m7G might be due to a secondary depurination of small oligonucleotides. Control experiments showed that acid hydrolysis liberated alkylated bases (see Fig. 3B ).
m3A-and m7G-DNA Glycosylases Are Different Enzymes. Evidence that m3A-DNA glycosylase and m7G-DNA glycosylase activities depend on different enzymes is shown in Fig. IC : Purified m3A-DNA glycosylase liberates, at most, a barely detectable amount of m7G. Further evidence is that incubation at 43.50C inactivated the enzymes at different rates, the m3A glycosylase being the more heat-labile of the two (Fig. 4) . Attempts to scale up this step in the purification procedure to eliminate the bulk of the contaminating m3A activity were unsuccessful.
An Activity Present in E. coli Extracts Liberates m7G from Alkylated DNA. Because the possibility exists that excision of small amounts of m7G might occur in E. coli (8), we investigated the action of E. coli extracts on methylated-DNA. Crude cell extracts of E. coli were found to release oligonucleotides, m7G, and m3A (Fig. 5) , the last being due to the presence of m3A-DNA glycosylase (6) .
DISCUSSION
The enzymatic recognition of alkylated DNA was first reported by Strauss (19) and, since then, numerous DNA-glycosylases acting on modified DNA have been described: m3A DNA-glycosylases from M. luteus (5), E. coli (6) , and human cells (7); hypoxanthine-DNA glycosylase from E. coli (20) ; and rom7G-DNA glycosylase from E. coli (16) . This paper presents evidence of a m7G-DNA glycosylase activity in both M. luteus and E. coli cell extracts.
Many factors are important for finding the m7G-DNA glycosylase activity. The growth medium used gave the best results. The cells should not be thawed and refrozen. The technique used to prepare the cell extracts is important, as is also the case for the extraction of proteins involved in DNA synthesis (14) and for the preparation of the E. coli endonuclease specific for pyrimidine dimers (21) . The use of protease inhibitors is a nonnegligible factor in obtaining efficient crude extracts, as it is also the case for M. luteus apurinic endonucleases (22) . Despite all these precautions, m G-DNA glycosylase appears to be extremely labile and to be present at a very low level in the cells tested.
The labeled methylated DNA was incubated with the enzymatic fractions for no more than 20 min to avoid noticeable spontaneous depurination. Because the action of pancreatic DNase on alkylated DNA gave small ethanol-soluble oligonucleotides, but no detectable m3A or m7G, the appearance of m7G cannot be due to the spontaneous depurination of small oligonucleotides. This result is in good agreement with the halflife-16 hr at 37C-of 7-methyldeoxyguanine monophosphate (13) .
The m7G releasing activity could depend on the strain of E. coli used, as has been observed in the case of o6 alkylguanine removal (23) .
The removal of m7G leaves an apurinic site that should, in turn, be recognized by an apurinic endonuclease (24) . Because many lesions introduced by alkylating agents are repaired in vivo (25) , a pertinent question is whether this enzyme recognizes m7G only or whether it also recognizes other DNA damage. A similar m7G glycosylase activity has been found (independently) in human cell extracts (26) and in Chinese hamster and rat liver extracts (27) .
